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Abstract. Polarization transfer in quasi-elastic nucleon knockout is sensitive to the proper-
ties of the nucleon in the nuclear medium. In experiment E03-104 at Jefferson Lab we mea-
sured the proton recoil polarization in the 4He(~e, e′~p )3H reaction at aQ2 of 0.8 (GeV/c)2 and
1.3 (GeV/c)2 with unprecedented precision. The measured polarization-transfer coefficients
transverse and longitudinal to the momentum-transfer direction are well described by a fully
relativistic calculation when a density-dependent medium modification of the nucleon form
factors is included in the model. Results of an alternative model show that the ratio of these
observables is also well described through strong charge-exchange final-state interactions.
The induced polarization in the (e, e′~p) reaction is sensitive to the final-state interactions and
the data from E03-104 will further constrain these models.
1 Introduction
Quantum chromodynamics (QCD) is established as the theory of the strong nuclear
force but the degrees of freedom observed in nature, hadrons and nuclei, are differ-
ent from those appearing in the QCD Lagrangian, quarks and gluons. There are no
calculations available for nuclei within the QCD framework. Nuclei are effectively
and well described as clusters of protons and neutrons held together by a strong,
long-range force mediated by meson exchange [1]. Whether the nucleon changes its
internal structure while embedded into a nuclear medium has been a long-standing
question in nuclear physics [2]. The nuclear European Muon Collaboration (EMC)
effect seems to suggest the modification of hadrons in the nuclear medium; see [3].
The issue has attracted theoretical attention and various models have been devel-
oped to study medium modifications. A list of some of these models includes the
many-body soliton dynamics model by Celenza et al. [4], the quark-meson cou-
pling (QMC) model by Lu et al. [5], the light-front-constituent quark model by
Frank et al. [6], the modified Skyrme model by Yakshiev et al. [7], the chiral quark-
soliton model (CQS) by Smith and Miller [3], and the Nambu-Jona-Lasinio model
of Horikawa and Bentz [8]. The connection between in-medium modifications of
the nucleon form factors and of the deep inelastic structure functions is discussed
by Liuti [9] using the concept of generalized parton distributions (GPDs). Guzey et
al. [10] have studied incoherent deeply virtual Compton scattering on 4He in the
4He(e, e′γp)X reaction, which probes medium-modifications of the bound nucleon
GPDs and elastic form factors. Medium modifications of nucleon properties in nu-
clear matter and finite nuclei have been also discussed by Wen and Shen [11].
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The question has also attracted experimental attention. One of the most intu-
itive methods to investigate the properties of nucleons inside nuclei is quasi-elastic
scattering off nuclei. Since the charge and magnetic responses of a single nucleon
are quite well studied from elastic scattering experiments, measuring the same re-
sponse from quasi-elastic scattering off nuclei and comparing with a single nucleon
is likely to shed light on the question. The ratio of polarization-transfer coefficients
in elastic ~ep scattering, P ′x/P ′z , is directly proportional to the ratio of the electric
and magnetic form factors of the proton, GE/GM [12],
P ′x
P ′z
= −
GE
GM
2m
Ei + Ef
tan−1
θe
2
; (1)
here P ′x and P ′z are the polarization-transfer coefficients transverse and longitudinal
to the momentum-transfer direction,
P ′x = −2
√
τ(1 + τ)
GE
GM
( GE
GM
)2 + τ
ǫ
tan
θe
2
, (2)
P ′z =
1
m
(Ei + Ef )
√
τ(1 + τ)
1
( GE
GM
)2 + τ
ǫ
tan2
θe
2
, (3)
and ǫ =
[
1 + 2(1 + τ) tan2 θe
2
]−1
and τ = Q2/4m2 are kinematic variables, Ei
and Ef are the incident and final electron energies, θe is the electron scattering
angle, m is the nucleon mass, and Q2 is the four-momentum transfer squared.
When such measurements are performed on a nuclear target in quasi-elastic
kinematics, the polarization-transfer observables are sensitive to the form-factor ra-
tio of the proton embedded in the nuclear medium. However, distinguishing possible
changes in the structure of nucleons embedded in a nucleus from more conventional
many-body effects like meson-exchange currents (MEC), isobar configurations (IC)
or final-state interactions (FSI) is only possible within the context of a model. Ex-
perimental results for the polarization-transfer ratio are conveniently expressed in
terms of the polarization double ratio,
R =
(P ′x/P
′
z)A
(P ′x/P
′
z)1H
, (4)
in order to emphasize differences between the in-medium compared to the free val-
ues. Here, the polarization-transfer ratio for the quasi-elastic proton knockout re-
action, A(~e, e′~p), is normalized to the polarization-transfer ratio measured off hy-
drogen in the identical setting. Such a double ratio cancels nearly all experimental
systematic uncertainties.
2 Experiments
Experiment E89-033 was the first to measure the polarization transfer (~e, e′~p) in a
complex nucleus, 16O [13]. The results are consistent with predictions of relativis-
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tic calculations based on the free proton from factor within a rather large exper-
imental uncertainty of about 18%. Polarization-transfer experiments have studied
nuclear medium effects in deuterium [14–16] at the Mainz microtron (MAMI) and
MIT-Bates and more recently at the Thomas Jefferson National Accelerator Facility
(JLab) [17]. Within statistical uncertainties, no evidence of medium modifications
was found and the data are well described by a model calculation of Arenho¨vel,
which includes final-state interactions (FSI), meson-exchange currents (MEC), and
isobar configurations, as well as relativistic contributions; see [17]. As the sampled
density is small, it is not surprising that there are no indications for medium modifi-
cations of the proton electromagnetic form factors in the 2H data.
One might expect to find larger medium effects in 4He, with its significantly
higher density. Indeed, a recent JLab Experiment has made a precision measurement
of the EMC effect in both few-body nuclei and heavy nuclei. The findings indicate
that the nuclear dependence of the deep-inelastic cross section for 4He is compara-
ble to that for 12C [18]. Although estimates of the many-body effects in 4He may
be more difficult than in 2H, calculations for 4He indicate they are small [19]. The
first 4He(~e, e′~p)3H polarization-transfer measurements were performed at MAMI
at Q2 = 0.4 (GeV/c)2 [20] and at Jefferson Lab Hall A at Q2 = 0.5, 1.0, 1.6, and
2.6 (GeV/c)2 [21]. Our recent experiment E03-104 [22] extended these measure-
ments with two high-precision points at Q2 = 0.8 and 1.3 (GeV/c)2. All these data
were taken in quasi-elastic kinematics at low missing momentum with symmetry
about the three-momentum-transfer direction to minimize conventional many-body
effects in the reaction. E03-104 covers a range of missing momenta up to about 135
MeV/c. In these experiments, two high-resolution spectrometers were used to de-
tect the scattered electron and the recoil proton in coincidence. The missing-mass
technique was used to identify 3H in the final state. The proton spectrometer was
equipped with a focal plane polarimeter (FPP). Polarized protons lead to azimuthal
asymmetries after scattering in the carbon analyzer of the FPP. These distributions,
in combination with information on the spin precession of the proton in the mag-
netic fields of the spectrometer, the carbon analyzing power, and the beam helicity,
were analyzed by means of a maximum likelihood method to obtain the induced
polarization, Py , and polarization transfer components, P ′x and P ′z [23]. As the ex-
periment was designed to detect differences between the in-medium polarizations
and the free values, both 4He and 1H targets were employed.
In the polarization-transfer double ratio R, nearly all systematic uncertainties
cancel: the polarization-transfer observables are not sensitive, to first order, to the
instrumental asymmetries in the FPP, and their ratio is independent of the electron
beam polarization and the graphite analyzing power. The small systematic uncer-
tainties are due, mainly, to the uncertainties in the spin transport through the proton
spectrometer but an extensive study is being performed in order to reduce their con-
tribution to the total uncertainty. The induced proton polarizationPy is a direct mea-
sure of final-state interactions. However, the Py extraction is greatly complicated by
the presence of instrumental asymmetries in the FPP. Typically, instrumental asym-
metries are due to detector misalignments, detector inefficiencies or tracking issues.
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An ongoing effort aimed at devising a method to minimize instrumental asymme-
tries will make possible the precise extraction of the induced polarization Py from
E03-104 measurements.
3 Results
The preliminary 4He(~e, e′~p)3H polarization-transfer observables P ′x and P ′z and
their ratios P ′x/P ′z are shown in Figure 1 for various missing momentum bins and
at Q2 of 0.8 (left panel) and 1.3 (GeV/c)2 (right panel). The data are normalized
by the experimental results from elastic 1H(~e, e′~p) scattering. These ratios show
most clearly the difference between quasi-elastic and elastic results. An experimen-
tal advantage of these ratios is additionally the cancellation of the carbon analyzing
power. The data show that the 4He results are systematically low compared to the
1H results for P ′x and high for P ′z resulting in an about 10% to 12% quenching of
the polarization-transfer ratio P ′x/P ′z . The amount of quenching in the data appears
to increase with missing momentum.
The data are compared with model calculations by the Madrid group [24]
based on a relativistic plane-wave impulse approximation (RPWIA), a relativis-
tic distorted-wave impulse approximation (RDWIA), and the RDWIA including
medium-modified nucleon form factors from the QMC model [5] (RDWIA+QMC).
Results of these calculations are shown in Figure 1 as light, medium, and dark bands,
respectively. The widths of the bands indicate the variation in the results of the cal-
culations using various input: the cc1 or cc2 current operators as defined in [25]
and the relativistic optical potentials by McNeil, Ray, and Wallace [26] (MRW) or
Horowitz [27] (RLF) to model FSI. All these calculations use the Coulomb gauge.
MEC are not explicitly included in the Madrid calculation. Predictions by Meucci
et al. [28] show that the two-body current (the seagull diagram) effects are gener-
ally small (less than 3 % close to zero missing momenta) and visible only at high
missing momenta.
The sets of calculations give distinctively different results even with these
changes in the model input and the small uncertainties from E03-104 allow to
discriminate between the various sets of calculations. Both, RPWIA and RDWIA
calculations do not describe the data; this is most noticeable in the polarization-
transfer double ratio, R, where RDWIA accounts for only about half of the ob-
served quenching. The data favor the inclusion of the density-dependent in-medium
form factors from the QMC model into the RDWIA calculations in all cases. The
inclusion of the in-medium form factors leads to a relative reduction of P ′x and a
relative increase of P ′z compared to the RDWIA results with a resulting effect of
lowering the polarization-transfer ratio by an additional 5% to 6% and bringing it
into agreement with data. It is interesting to note that main differences in the results
of the RDWIA and RDWIA+QMC calculations can be quantitatively understood by
naively applying the elastic ~ep scattering formalism to the quasielastic case. From
Eq. (4) one would expect a reduction in P ′x/P ′z from a decreased, in-medium value
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of GE/GM . From Eqs. (2) and (3) we can then estimate the changes of the individ-
ual polarization-transfer coefficients due to a variation of GE/GM ; these depend on
the kinematics of the experiment, τ/ǫ. With a decrease of P ′x/P ′z by about 5% this
leads for the particular kinematics of our experiment at Q2 of 0.8 (GeV/c)2 to a rel-
ative decrease of P ′x by about 2% and to a relative increase of P ′z by about 3%. Due
to its different τ/ǫ ratio, these relative changes are, respectively, 3.5% and 1.5% at
Q2 of 1.3 (GeV/c)2; in agreement with the full model.
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Figure 1. Preliminary 4He(~e, e′~p)3H polarization-transfer data from E03-104 at Q2 of 0.8
and 1.3 (GeV/c)2. The data are normalized to the respective experimental results from the
elastic 1H(~e, e′~p) reaction. The bands represent results of RPWIA (light band) and RDWIA
calculations from the Madrid group [24] including, respectively, free nucleon form factors
(medium band) and medium-modified form factors from the QMC model [5] (dark band) in
the calculations.
The 4He polarization-transfer double ratio is shown in Figure 2 for all avail-
able data. The preliminary data from E03-104 (filled circles) are consistent with
the previous data from JLab E93-049 [21] and MAMI [20] (open symbols). The
polarization-transfer ratiosP ′x/P ′z in the (~e, e′~p) reaction on helium are significantly
different from those on hydrogen. The data are compared with results of the RDWIA
calculation by the Madrid group [24] (dotted curve). The calculation shown uses the
Coulomb gauge, the cc1 current operator as defined in [25], and the MRW opti-
cal potential of [26]. The cc2 current operator gives higher values of R, worsening
agreement with the data. It can be seen that the Madrid RDWIA calculation (dotted
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curve) overpredicts the data by about 6 %. We note that these relativistic calcula-
tions provide good descriptions of, e.g., the induced polarizations as measured at
Bates in the 12C(e,e′~p) reaction [29] and of ATL in 16O(e, e′p) as previously mea-
sured at JLab [30]. After including the density-dependent medium-modified form
factors from the QMC [5] or CQS [3] models in the RDWIA calculation (solid and
dashed curves), good agreement with the polarization-transfer data is obtained. As
the proton momentum at Q2 = 2.6 (GeV/c)2 exceeds the range of validity of the
MRW optical potential no calculations by the Madrid group are shown beyond 1.6
(GeV/c)2.
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Figure 2. 4He(~e, e′~p)3H polarization-transfer double ratio R as a function of Q2 from Mainz
[20] and Jefferson Lab experiment E93-049 [21] (open symbols) along with preliminary re-
sults from experiment E03-104 (filled circles). The data are compared to calculations from
the Madrid group [24] and Schiavilla et al. [32]. In-medium form factors from the QMC [5]
(solid curve) and CQS [3] (dashed curve) models were used in two of the Madrid calcula-
tions. Not shown are a relativistic Glauber model calculation by the Ghent group [31] and
results from Laget [19] which both give a value of R ≈ 1.
This agreement has been interpreted as possible evidence of proton medium
modifications [21]. It is based on the excellent description of the data by a particular
model in terms of medium modifications of nucleon form factors and requires good
control of the reaction mechanisms such as meson-exchange currents, isobar config-
urations, and final-state interactions. In fact, there is an alternative interpretation of
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the observed suppression of the polarization-transfer ratio within a more traditional
calculation by Schiavilla et al. [32] (shaded band). Schiavilla’s calculation uses free
nucleon form factors. Explicitly included MEC effects paired with tensor correla-
tions suppressR by almost 4% in his calculation. The FSIs are treated within the op-
tical potentials framework and include both a spin-dependent and spin-independent
charge-exchange term; the spin-orbit terms, however, are not well constrained by
data. In Schiavilla’s model, the final-state interaction effects suppress R by an ad-
ditional 6% bringing this calculation also in good agreement with the data within
the statistical uncertainties associated with the Monte Carlo technique in this calcu-
lation. It should be noted that charge-exchange terms are not taken into account in
the Madrid RDWIA calculation. The difference in the modeling of final-state inter-
actions is the origin of the major part of the difference between the results of the
calculations by the Madrid group [24] and Schiavilla et al. [32] for the polarization
observables.
Effects from final-state interactions can be studied experimentally with the in-
duced polarization, Py , which vanishes in the absence of final-state interactions.
Induced-polarization data were taken simultaneously to the polarization-transfer
data. Figure 3 shows the preliminary data for Py . The induced polarization is small
at the low missing momenta in this reaction. The sizable systematic uncertainties
are due to possible instrumental asymmetries. Dedicated data have been taken dur-
ing E03-104 to study these and work is underway to significantly reduce the sys-
tematic uncertainties in Py in the final analysis. The data are compared with the
results of the calculations from the Madrid group and Schiavilla et al. at missing
momenta of about zero. To facilitate this comparison, the data have been corrected
for the spectrometer acceptance. The preliminary data suggest that the measured
induced polarization (and thus the final-state interaction) is overestimated in the
model of Schiavilla et al. Note that the charge-exchange terms, particularly, the
spin-dependent one, gives the largest contribution to Schiavilla’s calculation of Py .
The induced polarization proves to be sensitive to the choice of optical potential
allowing this observable to be used to constrain theoretical models of FSI.
A comparison of the model calculations in Figure 2 and Figure 3 shows that the
in-medium form factors mostly affect the ratio of polarization-transfer observables,
not the induced polarization. It is a great advantage of E03-104 to have access to
both the polarization-transfer and the induced polarization.
In summary, polarization transfer in the quasi-elastic (e, e′p) reaction is sensitive
to possible medium modifications of the bound-nucleon form factor. Currently, the
4He(~e, e′~p)3H polarization-transfer data can be well described by either the inclu-
sion of medium-modified form factors or strong charge-exchange FSI in the models.
However, these strong FSI effects may not be consistent with the induced polariza-
tion data. The final analysis of the new high-precision data from Jefferson Lab Hall
A should provide a more stringent test of these calculations.
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